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ABSTRACT
Studying giant star-forming clumps in distant galaxies is important to understand galaxy formation and evo-
lution. At present, however, observers and theorists have not reached a consensus on whether the observed
“clumps” in distant galaxies are the same phenomenon that is seen in simulations. In this paper, as a step
to establish a benchmark of direct comparisons between observations and theories, we publish a sample of
clumps constructed to represent the commonly observed “clumps” in the literature. This sample contains 3193
clumps detected from 1270 galaxies at 0.5 ≤ z < 3.0. The clumps are detected from rest-frame UV images,
as described in our previous paper. Their physical properties, e.g., rest-frame color, stellar mass (M∗), star
formation rate (SFR), age, and dust extinction, are measured by fitting the spectral energy distribution (SED)
to synthetic stellar population models. We carefully test the procedures of measuring clump properties, espe-
cially the method of subtracting background fluxes from the diffuse component of galaxies. With our fiducial
background subtraction, we find a radial clump U-V color variation, where clumps close to galactic centers are
redder than those in outskirts. The slope of the color gradient (clump color as a function of their galactocentric
distance scaled by the semi-major axis of galaxies) changes with redshift andM∗ of the host galaxies: at a fixed
M∗, the slope becomes steeper toward low redshift; and at a fixed redshift, it becomes slightly steeper withM∗.
Based on our SED-fitting, this observed color gradient can be explained by a combination of a negative age
gradient, a negative E(B-V) gradient, and a positive specific star formation rate gradient of the clumps. We
also find that the color gradients of clumps are steeper than those of intra-clump regions. Correspondingly, the
radial gradients of the derived physical properties of clumps are different from those of the diffuse component
or intra-clump regions.
1. INTRODUCTION
1.1. Overview: Clumps and Their Formation and Evolution
To understand how the morphology and structure of
galaxies evolve over cosmic time requires knowledge
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of not only integrated galaxy properties, but also sub-
structures of galaxies. Current facilities enable us to
resolve distant galaxies and study their spatially re-
solved physical properties, including (I) sub-structures
(e.g., Elmegreen & Elmegreen 2005; Elmegreen et al. 2007,
2009a,b; Genzel et al. 2008, 2011; Fo¨rster Schreiber et al.
2011; Guo et al. 2012a, 2015; Wuyts et al. 2012; Tadaki et al.
2014; Shibuya et al. 2016; Soto et al. 2017), (II) color vari-
ation (e.g., Menanteau et al. 2004; McGrath et al. 2008;
Tortora et al. 2010; Gargiulo et al. 2011, 2012; Guo et al.
2011; Szomoru et al. 2011; Boada et al. 2015; Tacchella et al.
2015b; Chan et al. 2016; Liu et al. 2016), (III) star formation
variation (e.g., Wuyts et al. 2013; Hemmati et al. 2014, 2015;
Tacchella et al. 2015a; Barro et al. 2016; Mieda et al. 2016;
Nelson et al. 2016a,b), and (IV) mass distribution and central
concentration (e.g., Saracco et al. 2012; Szomoru et al. 2013;
Lang et al. 2014; van Dokkum et al. 2014; Barro et al. 2015;
Mosleh et al. 2017).
A common and important sub-structure of distant star-
forming galaxies is giant off-center star-forming clumps.
These clumps are seen in deep and high-resolution
rest-frame UV and optical images (e.g., Conselice et al.
2004; Elmegreen & Elmegreen 2005; Elmegreen et al. 2007,
2009a; Fo¨rster Schreiber et al. 2011; Guo et al. 2012a, 2015;
Wuyts et al. 2012; Murata et al. 2014; Tadaki et al. 2014;
Shibuya et al. 2016; Soto et al. 2017). They are also
detected in high-resolution emission line maps of Hα
(e.g., Genzel et al. 2008, 2011; Livermore et al. 2012, 2015;
Wisnioski et al. 2011; Mieda et al. 2016; Fisher et al. 2017a)
and CO (e.g., Jones et al. 2010; Swinbank et al. 2010;
Dessauges-Zavadsky et al. 2016). The clumps appear to
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be much larger, brighter, and more massive than local
star-forming regions. Their typical stellar mass (M∗) is
107 − 109M⊙ (e.g., Elmegreen et al. 2007; Guo et al. 2012a;
Soto et al. 2017). Their actual sizes are uncertain due to the
resolution limit of current observations, ranging from ∼1 kpc
(e.g., Elmegreen et al. 2007; Fo¨rster Schreiber et al. 2011) to
a few hundred pc (e.g., Livermore et al. 2012). The clumps re-
semble mini-starbursts in their galaxies (e.g., Bournaud et al.
2015; Zanella et al. 2015) and have specific star formation
rates (sSFR) higher than their surrounding areas by a factor of
several, evident by their blue UV–optical colors or enhanced
Hα surface brightness (e.g., Guo et al. 2012a; Wuyts et al.
2012, 2013; Hemmati et al. 2014; Mieda et al. 2016).
The formation and evolution of clumps provide important
tests of our knowledge of star formation, feedback, and
galactic structure formation. Clumps are thought to form
through gravitational instability in gas-rich turbulent disks
(e.g., Noguchi 1999; Immeli et al. 2004a,b; Bournaud et al.
2007, 2009; Elmegreen et al. 2008; Dekel et al. 2009;
Ceverino et al. 2010, 2012; Dekel & Burkert 2014;
Inoue et al. 2016). This view is supported by some ob-
servations, especially for massive clumpy galaxies (e.g.,
Elmegreen et al. 2007; Bournaud et al. 2008; Genzel et al.
2008, 2011; Guo et al. 2012a, 2015; Hinojosa-Gon˜i et al.
2016; Mieda et al. 2016; Fisher et al. 2017a). The kinematic
signatures of the clumpy galaxies, however, can also have an
ex-situ origin, such as gas-rich mergers (e.g., Hopkins et al.
2013), which also has some supporting observations (e.g.,
Puech et al. 2009; Puech 2010; Wuyts et al. 2014; Guo et al.
2015; Straughn et al. 2015; Ribeiro et al. 2016).
The evolution of clumps is under intense debate. Some
models predict that they would migrate toward the grav-
itational centers of their host galaxies, due to clump–
clump and clump–disk interactions and dynamical fric-
tion, and eventually coalesce into a young bulge as a
progenitor of today’s bulges (e.g., Bournaud et al. 2007;
Elmegreen et al. 2008; Ceverino et al. 2010; Mandelker et al.
2014; Bournaud et al. 2014). Observational evidence of
this scenario is the age (or color) variation of clumps with
galactocentric distance (clump age gradient). Some stud-
ies, e.g., Fo¨rster Schreiber et al. (2011), Guo et al. (2012a),
Shibuya et al. (2016), and Soto et al. (2017) found that
clumps close to galactic centers are older than those in the
outskirts, broadly consistent with the prediction of the inward
migration scenario. In this scenario, clumps need to survive
longer than ∼150 Myr to be able to travel to galactic centers.
On the other hand, some models predict a short life
time of clumps (. 50 Myr) because of quick disrup-
tion of clumps by either tidal forces or stellar feedback
(e.g., Murray et al. 2010; Genel et al. 2012; Hopkins et al.
2012; Buck et al. 2016; Oklopcˇic´ et al. 2017). The disrupted
stars from clumps would contribute to the formation of
thick disks (e.g., Bassett et al. 2014; Inoue & Saitoh 2014;
Struck & Elmegreen 2017). Clumps have high sSFR and
therefore strong star formation feedback for their M∗ (e.g.,
Genzel et al. 2008; Newman et al. 2012), which enables the
quick disruption, although clumps with typical star forma-
tion efficiency of a few percent per free-fall time are not
disrupted (Krumholz & Dekel 2010). Although the observed
stellar age gradient and the older-than-100 Myr age of some
clumps seem contradictory to the quick disruption scenario, a
few simulations, e.g., Buck et al. (2016) and Oklopcˇic´ et al.
(2017), argue that these observations can be interpreted as
clump regions being contaminated by older disk stars, and
therefore may not be an indicator of the long lifetime and in-
ward migration of clumps.
Understanding the evolution of clumps is important, be-
cause it reveals whether clumps are a major contributor to
bulge formation, given their prevalence at high redshifts (e.g.,
Elmegreen et al. 2007; Tadaki et al. 2014; Guo et al. 2015;
Shibuya et al. 2016). Clumps may also significantly con-
tribute to the growth of supermassive black holes and AGN
(e.g., Bournaud et al. 2011; Gabor & Bournaud 2013), which
has both supporting (Bournaud et al. 2012; Guo et al. 2012a)
and contradicting observational evidence (Trump et al. 2014).
Whether or not clumps are a major contributor to bulge
formation, they are important to further understand star for-
mation feedback, because they provide a sensitive diagnos-
tic of feedback models on sub-galactic scales. Moody et al.
(2014) showed that adding radiation pressure to a feed-
back recipe significantly reduces the number of intermediate-
mass clumps (M∗. 10
8M⊙) in their Adaptive Refinement
Tree (ART) simulations (Kravtsov et al. 1997; Kravtsov 2003;
Ceverino & Klypin 2009), compared to having only super-
nova feedback. Mandelker et al. (2017) further studied the
dependence of clump properties and evolution on feedback
recipes in detail. They found that including radiation pres-
sure would increase the baryonic surface density and bary-
onic mass thresholds for clumps that are long-lived and not
being disrupted in a few free-fall times. In the FIRE simula-
tion (Hopkins et al. 2014), where the feedback recipe reduces
star formation more than in the ART simulations, clumps are
reported to all have short lifetimes .50 Myr (Oklopcˇic´ et al.
2017). Therefore, the properties of clumps, e.g., number,
mass, star formation rate (SFR), and age, are important to test
the validity of feedback models.
1.2. A Challenge of Clump Studies and the Motivation of
This Paper
The resolution and sensitivity of current facilities pose a
significant challenge when comparing observations to mod-
els, and even observations to each other. Even with HST,
clumps at high redshifts can only be marginally resolved or
may even be unresolved. This limitation raises the ques-
tion whether an observed clump is actually a single object
or blending of a few nearby smaller clumps. For exam-
ple, Tamburello et al. (2015) argued that many of the giant
clumps (with M∗> 10
8M⊙) identified in observations are
not due to in-situ formation, but are the result of blending
of smaller structures due to the low resolution of observa-
tions. Similarly, Dessauges-Zavadsky et al. (2017) claimed
that the clump masses observed in non-lensed galaxies with a
limited spatial resolution of ∼1 kpc are artificially increased
due to the clustering of clumps of smaller mass. They also
stated that the sensitivity threshold used for the clump selec-
tion strongly biases against clumps at the low-mass end. Simi-
larly, Fisher et al. (2017b) discussed the effects of clump clus-
tering on kpc scale measurements of clumps. They inferred
that the clustering systematically increases the apparent size
and SFR of clumps in 1 kpc resolution maps, and decreases
the measured SFR surface density of clumps by as much as a
factor of 20.
To address the issue of observational effects, in Guo et al.
(2015, hereafter Paper I), we proposed a physical definition
that UV-bright clumps are off-center discrete star-forming re-
gions that individually contribute more than 8% of the rest-
frame UV light of their galaxies. This definition is de-
rived through comparison with redshifted and size-matched
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nearby spiral galaxies. Clumps defined this way are sig-
nificantly brighter than the HII regions of nearby large spi-
ral galaxies, either individually or blended, when physical
spatial resolution and cosmological dimming are considered.
This objective and physical definition enables a consistent
study of clumps at different redshifts, complementing clump
studies of using the appearance of galaxies by either vi-
sual inspection (e.g., Cowie et al. 1995; van den Bergh et al.
1996; Elmegreen et al. 2004; Elmegreen & Elmegreen 2005;
Elmegreen et al. 2007) or other automated algorithm (e.g.,
Conselice 2003; Conselice et al. 2004; Fo¨rster Schreiber et al.
2011; Guo et al. 2012a; Wuyts et al. 2012; Murata et al.
2014).
Under this definition, in Paper I, we measured the frac-
tion of star-forming galaxies that have at least one off-center
clump (fclumpy). The redshift evolution of fclumpy changes
with M∗ of the host galaxies. Low-mass (log(M∗/M⊙) <
9.8) galaxies keep an almost constant fclumpy of ∼60% from
z ∼ 3 to z ∼ 0.5. Intermediate-mass (9.8 ≤ log(M∗/M⊙) <
10.6) and massive (log(M∗/M⊙) ≥ 10.6) galaxies drop their
fclumpy from 55% at z ∼ 3 to 40% and 15%, respectively, at
z ∼ 0.5. We found that (1) the trend of disk stabilization pre-
dicted by violent disk instability matches the fclumpy trend of
massive galaxies; (2) minor mergers are a viable explanation
of the fclumpy trend of intermediate-mass galaxies at z < 1.5,
given a realistic observability timescale; and (3) major merg-
ers are unlikely responsible for the fclumpy trend in all masses
at z < 1.5.
This paper is the second of a series aiming to understand the
observational effects of clump studies and hence constructing
a direct and unbiased comparison between observation and
theory. We measure the physical properties of the clumps de-
tected in Paper I and provide our clump catalog to the com-
munity. The goal of this paper is not to use our measurements
to test models. Rather, it is to present a sample which, to
the best of our knowledge, represents the observed “clumps”
in the literature. At present, observers and theorists have not
reached a consensus on whether the observed “clumps” are
the same phenomenon that is seen in simulations. A criti-
cal step of reaching the consensus is to understand the phys-
ical properties of the observed clump over wide redshift and
mass ranges. Public catalogs containing detailed information
of clumps, however, are still insufficient (for example, see the
compilation of Dessauges-Zavadsky et al. (2017)). The cat-
alog present in this paper is our contribution to establish a
benchmark of direct comparisons, providing a dataset to allow
(1) theorists to understand the observed “clumps” in a wide
range of redshifts and galaxyM∗ and (2) observers to exam-
ine the observational effects for a large sample of clumps.
In this paper, we briefly summarize the galaxy sample and
clump sample in Section 2. In Section 3, we describe the
measurement of multi-band photometry of individual clumps
and test its accuracy. We particularly test the effects of dif-
ferent methods of subtracting the surrounding background of
clumps, because the contamination by disk stars is a major
uncertainty when interpreting the observed properties. In Sec-
tion 4, we describe the measurement of the stellar population
of clumps. We also present a few sanity checks on the accu-
racy of the measurement. In Section 5, we show a few ex-
amples of the measured physical properties, which we think
may be of interest to most readers. In Section 6, we briefly
introduce the clump catalog and a few cautions for using it.
Throughout the paper, we adopt a flat ΛCDM cosmology
with Ωm = 0.3, ΩΛ = 0.7 and use the Hubble constant in
terms of h ≡ H0/100km s
−1 Mpc−1 = 0.70. All magni-
tudes in the paper are in AB scale (Oke 1974) unless otherwise
noted. We use a Chabrier initial mass function (IMF Chabrier
2003).
2. DATA AND SAMPLE SELECTION
2.1. Galaxy Sample
The galaxies used in this paper are from the
CANDELS/GOODS-S sample presented in Paper I,
which is based on the CANDELS survey (Grogin et al.
2011; Koekemoer et al. 2011). We do not include the
CANDELS/UDS sample of Paper I in this paper, because
UDS only has four HST bands, not enough for carrying out
spatially-resolved SED-fitting for individual clumps. While
referring readers to Paper I for details, we briefly summarize
key selection criteria here.
The multi-band photometry catalog of GOODS-S is de-
scribed by Guo et al. (2013). The photometric redshift
(photo-z) was measured by the method of Dahlen et al.
(2013). M∗ and SFR are measured through SED-
fitting. CANDELS has generated a unified M∗ catalog
(Mobasher et al. 2015; Santini et al. 2015), where each galaxy
is fit by 12 SED-fitting codes with different combinations of
synthetic stellar population models, star formation histories,
fitting methods, etc. For each galaxy, we quote the median of
the best-fitM∗ of the 12 SED-fitting codes as itsM∗. We also
use the median SFR of the 12 SED-fitting codes as our SFR
measurement.
Star-forming galaxies are selected to have M∗> 10
9M⊙,
sSFR> 10−1Gyr−1, and 0.5 ≤ z < 3. We also use an ap-
parent magnitude cut ofHF160W < 24.5 AB to ensure a reli-
able morphology and size measurements of the galaxies. We
only use galaxies whose effective radii along the galaxy semi-
major axis (SMA) is larger than 0.′′2, because clumps cannot
be resolved in smaller galaxies. To minimize the effect of dust
extinction and clump blending, we only use galaxies with ax-
ial ratio q > 0.5.
After the above selection criteria, and further excluding
galaxies that are not covered by the ACS images, the sam-
ple used for detecting clumps consists of 1655 galaxies (some
of themmay not contain clumps). As a comparison, the CAN-
DELS/UDS sample in Paper I contains 1584 galaxies.
2.2. Clump Sample
Clump detection is detailed in Paper I. Briefly, clumps are
detected in rest-frame Near-UV (∼ 2800A˚), i.e., ACS F435W
at 0.5 ≤ z < 1.0, F606W at 1.0 ≤ z < 2.0, and F775W at
2.0 ≤ z < 3.0. First, the detection image is smoothed. The
smoothed image is then subtracted from the original image
to make a contrast image. After low-S/N pixels are masked
out, only off-center “blobs” are detected from the filtered
image as regions with at least five contiguous pixels. We
choose rest-frame Near-UV because it is observed by HST
filters for the whole GOODS-S field across the redshift range
of 0.5 ≤ z < 3.0. Some clumps are brighter and more promi-
nent in rest-frame Far-UV (∼ 1500A˚) as found by Soto et al.
(2017), which makes Far-UV also an efficient band to detect
active star-forming clumps. However, deep Far-UV observa-
tions are only available for about one-third area of GOODS-S
for galaxies at 0.5 ≤ z < 1.5. To increases our sample size,
we use the Near-UV detection in this paper. Future large and
deep Far-UV surveys are needed to promote studies of Far-
UV clumps.
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FIG. 1.— Clumpy galaxy sample split into three redshift bins. Galaxies in the CANDELS/GOODS-S with HF160W < 24.5 AB are plotted in the SFR–M∗
and semi-major axis (SMA)–M∗ diagrams. Galaxies with sSFR> 0.1Gyr−1 are black, while those with sSFR≤ 0.1Gyr−1 are gray. Galaxies with at least
one detected off-center clump (with fLUV ≡ L
UV
clump
/LUV
galaxy
≥ 3%) are red. The red points all have axial ratio q > 0.5. Black solid, dotted, and dashed
lines in the upper panels show the relations of sSFR=0.1, 1, and 10 Gyr−1. Black horizontal lines in the lower panels show our size cut of 0.′′2.
In Paper I, we only refer to those “blobs” which contribute
at least 8% of the total UV luminosity of their galaxies as
clumps (see Section 1 for the relevant discussion). This ob-
jective and physical definition is necessary when considering
clumps as a distinct feature from normal nearby HII regions
and studying the redshift evolution of clumps and clumpy
galaxies (as in Paper I). This definition, however, has a few
caveats. First, this definition only selects very UV-bright star-
forming regions with fLUV ≡ L
UV
clump/L
UV
galaxy > 8% and
identifies all fainter star-forming regions as non-clumps. This
bisection of star-forming regions implies an abrupt change of
the properties of star formation regions. Theoretical mod-
els, however, predict a wide and continuous distribution of
clumps properties (e.g., Moody et al. 2014; Mandelker et al.
2017). Second, the number of clumps is predicted to in-
crease toward low luminosity (Mandelker et al. 2017). Ex-
cluding fainter star-forming regions results in an incomplete
and biased clump sample. Third, the threshold of 8% is deter-
mined based on redshifting only one local galaxy (M101) in
Paper I and may not fully represent all clumps. In this pa-
per, we tend to be more inclusive and include blobs down
to fLUV = 3%. This inclusion enlarges our clump sam-
ple, but it may also include regions that are similar to normal
nearby HII regions. We leave to readers to decide a preferred
fLUV threshold. Overall, the sample has 1547 clumps with
fLUV ≥ 8%, 854 clumps with 5% ≤ fLUV < 8%, and 792
with 3% ≤ fLUV < 5%. In total, 3193 clumps are detected
from 1270 galaxies. Figure 1 shows these clumpy galaxies in
the SFR–M∗ and SMA–M∗ diagrams.
2.3. Selection Effects
To detect clumps in rest-frame NUV, we use different HST
bands at different redshifts: F435W (B) at 0.5 ≤ z < 1;
F606W (V ) at 1 ≤ z < 2; and F775W (i) at 2 ≤ z < 3. The
clump detection is affected by the sensitivities of the three
bands. Paper I shows that the clump magnitude of 50% com-
pleteness of our detection is about 28.5 AB, 28.5 AB, and 27.8
AB in B, V , and i, respectively. As a result, fainter clumps
are harder to detect at higher redshifts.
A more relevant way to evaluate the incompleteness is cal-
culating the incompleteness as a function of fLUV rather than
a function of the clump apparent magnitude. Our clump defi-
nition is based on fLUV because (1) our clump finder detects
clumps from a contrast image, showing how bright the clumps
are relative to their host galaxies and (2) using a relative ratio
of an intrinsic parameter enables direct comparisons between
observations with different sensitivities. Paper I shows that at
0.5 ≤ z < 1.0, 1.0 ≤ z < 2.0, and 2.0 ≤ z < 3.0, the 50%
completeness occurs at fLUV =0.03, 0.06, and 0.10, respec-
tively. A large fraction of clumps with low fLUV is missed in
our clump detection at high redshift. For example, we might
miss 90% of clumps with fLUV =0.03 at z > 2. This effect
raises an important caution of using our clump catalog: it is
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TABLE 1
NUMBER OF CLUMPS IN THE SAMPLE
log(Mgal∗ /M⊙) < 9.8
a,b 9.8 ≤ log(Mgal∗ /M⊙) < 10.6 log(M
gal
∗ /M⊙) ≥ 10.6
0.5 ≤ z < 1.0 230 galaxies 113 galaxies 16 galaxies
654 clumps 304 clumps 38 clumps
171/198/285 107/83/114 13/16/9
1.0 ≤ z < 2.0 363 galaxies 239 galaxies 67 galaxies
947 clumps 658 clumps 140 clumps
182/273/492 218/173/267 60/32/48
2.0 ≤ z < 3.0 93 galaxies 127 galaxies 22 galaxies
181 clumps 230 clumps 41 clumps
10/25/146 26/45/159 5/9/27
aMgal∗ meansM∗ of host galaxies.
bIn each (Mgal∗ , z) bin, the three numbers in the third row are the numbers of clumps in three fLUV bins: 0.03–0.05, 0.05–0.08, and > 0.08.
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FIG. 2.— Illustration of diffuse light subtraction. A galaxy (Galaxy ID =
25508 in the catalog) is shown in ACS F606W used to detect clumps (top
left), smoothed ACS F606W to match the resolution of WFC3 F160W (top
right), WFC3 F160W (bottom left), and a mask image (bottom right). Four
clumps are detected in this galaxy as shown by the green circles with radius
of 0.′′18 (3 pixels) in each panel. In the mask image (bottom right), the area
within 0.′′24 (4 pixels) of the center of each clump is masked out (i.e., black
pixels in the panel). These pixels are not used in calculating the diffuse back-
ground. The pixels outside the galaxy are also masked out, because they are
out of the SExtractor segmentation map of the galaxy. For one clump (Clump
ID = 4 in the catalog), we show the annulus (magenta circles) used as our
fiducial method (bgsub v4 in Table 2) to measure the surface brightness of
the diffuse background (or intra-clump regions). The annulus (between two
magenta circles) has the inner and outer radii of 0.′′24 and 0.′′36. Only the
white pixels (i.e., those not masked out due to clump locations) between the
two magenta circles are used to calculate the surface brightness of the diffuse
background.
a “representative” rather than a “complete” catalog. Incom-
pleteness needs to be taken into account when deriving mea-
surements that require a complete sample, e.g., stellar mass
function of clumps.
Specifically, our relative definition of clumps, namely, se-
lecting clumps based on fLUV rather than on their absolute
luminosity, would introduce two biases. First, a redshift-
dependent bias is introduced to clump measurement. At high
redshifts, only high fLUV clumps are detected. Therefore, the
results are dominated by high fLUV clumps. Moreover, high
fLUV clumps at high redshifts are intrinsically much brighter
or more luminous than the corresponding (i.e. same fLUV )
clumps at lower redshift. In contrast, at low redshifts, the re-
sults are contributed by all fLUV clumps. To help readers to
evaluate this effect, we list the number of clumps with differ-
ent fLUV at different (z,M∗) bins in Table. 1.
The second bias is introduced by the total UV luminosity
of galaxies with differentM∗. Massive star-forming galaxies
have higher UV luminosity than lower-mass galaxies. Clumps
detected from massive galaxies are therefore intrinsically UV
brighter than those from lower-mass galaxies. In other words,
faint clumps can only be selected from low UV luminos-
ity galaxies; and from UV bright galaxies, only UV bright
clumps can be selected. This bias would mainly affect com-
parisons of the distributions of clump properties (e.g., SFR
distribution) between galaxies with differentM∗. Both biases
are introduced because for a given fLUV class, the absolute
clump UV luminosity may vary considerably among the dif-
ferent redshift and/or galaxy M∗ ranges. The robustness of
our results against both biases can be tested by calculating
the results using clumps with different fLUV separately (see
Section 5.2).
3. MULTI-BAND CLUMP PHOTOMETRY
For each clump, we measure its multi-band photometry
from HST images in the bands of F435W, F606W, F775W,
F814W, F850LP, F105W, F125W, F140W17, and F160W.
HST images have the capability to resolve at the kpc scale
at 0.5 ≤ z < 3.0. The images in all bands are PSF-
matched to the resolution of F160W (FWHM=0.′′17) by using
the IRAF/PSFMATCH package. Details of the PSF-matching
method are described in Guo et al. (2011, 2013). As shown in
Figure 5 of Guo et al. (2013), for an aperture of 3 pixels, the
accuracy of PSF-matching is within 5%.
For each clump, we use an aperture of 0.′′18 (3 pixels) to
measure its flux in each band. We then multiply all the fluxes
by a factor of 1.5 for the aperture correction. This factor is
derived through the curve-of-growth of F160W PSF (see the
middle panel of Figure 5 of Guo et al. (2013)). This method
assumes that each clump is an unresolved source, which is
reasonable for the HST resolution at F160W, because the
FWHM of F160W (0.′′17) is corresponding to ∼1 kpc (and
∼1.4 kpc) at z = 0.5 (and at 1.5 . z . 3.0). The assumption
of an unresolved source makes it easy to calculate the clump
light that is out of our fixed aperture.
3.1. Diffuse Background Subtraction
A challenge is how to subtract the light from the underly-
ing diffuse component (or intra-clump regions) of the galax-
ies. Clumps are believed to be “embedded” in a diffuse back-
ground. Therefore, in a clump location, the observed light is
17 This band is taken by 3D-HST (Brammer et al. 2012).
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contributed by both clump stars and background stars. Sep-
arating the two contributions is scientifically critical. Some
numerical simulations (e.g., Buck et al. 2016; Oklopcˇic´ et al.
2017) found a radial variation of clump ages: older for inner
(small galactocentric distance) clumps and younger for outer
(large galactocentric distance) clumps, which seems to sup-
port the inward migration scenario (see discussion in Section
1). These simulations, however, found no clump migration,
and they argued that the clump age gradient in their simula-
tions is the result of contamination of disk (i.e., background)
stars. To make a direct comparison with models, background
subtraction is important to eliminate the contamination.
Observationally, subtracting the diffuse background is
important for measuring clump photometry. After PSF-
matching to the F160W resolution, some clumps may dis-
appear due to the reduced contrast between clumps and the
background. Moreover, some intrinsically blue clumps are
almost “invisible” in red bands (e.g., F160W) again due to
small clump–background contrasts (e.g., see clumps in Fig-
ure 2 and discussion in Soto et al. (2017)). For these clumps,
we fix their centers as those detected in the non-PSF-matched
Near-UV bands to measure the aperture photometry. The ac-
curacy of the photometry significantly relies on the precision
of the diffuse background subtraction, because the photome-
try is in fact the measurement of the “excess” flux above the
diffuse background flux.
To subtract the diffuse background light, in each band, we
first mask out the locations of all detected clumps with circu-
lar masks. Then, for each clump, we measure the background
flux from an annulus around the clump to calculate the aver-
age local background surface brightness (i.e., flux per pixel)
in the clump vicinity. We then subtract the background flux
within the clump aperture of 0.′′18 (i.e., the local background
surface brightness times the clump area). The subtracted
background for the clump is contributed by two sources: the
local diffuse background and the PSF wings of nearby clumps
and the analyzed clump itself. Figure 2 illustrates the method.
Two parameters control this method: (1) the size (radius) of
the clump mask and (2) the size of the background annulus.
We try different combinations of them (see Table 2). For an
aggressive subtraction (e.g., bgsub v6), the clump mask size
is small, leaving more pixels as background (or intra-clump)
pixels, and the background annulus starts right next to the
clump region. In contrast, a conservative subtraction (e.g.,
bgsub v1) masks more pixels as clump regions and measures
the background far away from the clump regions. As shown
in Table 2, the difference between aggressive subtraction (bg-
sub v6) and conservative subtraction (bgsub v1) is about a
factor of 1.9 in clumps’ F160W flux. If no background is sub-
tracted (bgsub v0), the F160Wflux of clumps is about a factor
of 3.2 higher than that of bgsub v6. Here we use F160W flux
to show the effect of background subtraction, because this is-
sue is most significant in F160W due to the faint clump fluxes
in this band.
We choose method bgsub v4 as our fiducial one based on
a test of fake clumpy galaxies. In this test, we use the WFC3
F160W PSF as fake clumps and insert four fake clumps into a
constant diffuse background. For each fake galaxy, we choose
one clump as the target clump and normalize its flux to unity.
The fluxes of other fake clumps are randomly drawn from
the range of 0.1–10 relative to the flux of the target clump.
The separation between the fake clumps is drawn from the
observed distribution of clump–clump distances. The surface
brightness of the constant background ranges from 0.01% to
10% of the peak surface brightness of the target fake clump.
We apply all subtraction methods to the fake galaxies and
test which one recovers the input flux of the target clump the
best. The most affecting parameter in this test is the flux ratio
between the target fake clump and its closest neighbor. On
average, method bgsub v4 recovers the target flux the best
over the range of the clump flux ratio. It recovers &95% of
the target flux when the neighbor clump is not brighter than
the target one by a factor of two. It overestimates the target
flux by a factor of 1.1 when the neighbor clump is five times
brighter.
Background subtraction, however, is more complicated
than the above test. Technically, a few issues are not cov-
ered by the test. First, some clumps may be more extended
then WFC3 PSFs. Second, the diffuse background is not con-
stant in the galaxy-size scale. Third andmore importantly, dif-
ferent clumps have different distances and flux ratios to their
neighbor clumps, which means the best background subtrac-
tion configuration may vary from clump to clump.
Physically, whether or not the background should be sub-
tracted depends on the scientific goals. For example, if the
goal is to study the clump properties (e.g., mass, SFR, etc.),
the background needs to be subtracted. If, however, the goal
is to study the dynamics of clump regions, the background
should be kept. To enable as many topics as possible, we
release the clump catalogs with all the background subtrac-
tion methods (including no subtraction), allowing readers to
choose the optimal method for their research. Moreover,
the very aggressive subtraction (bgsub v6) and no subtrac-
tion (bgsub v0) can be used as the lower and upper limits of
clump fluxes to evaluate the uncertainty caused by subtracting
the diffuse background. The “fiducial” method (bgsub v4) is
chosen to simplify the paper, focusing on the clump proper-
ties. We will discuss more the effects of background subtrac-
tion on clump properties in Section 5.7.
3.2. Accuracy of Photometry
Background subtraction affects photometric accuracy. An
aggressive method (e.g., bgsub v6) subtracts a higher frac-
tion of light from clumps than a conservative method does.
In the former, the remaining clump flux is fainter and the
relative error of the clump flux is therefore larger (or clump
S/N is lower). To test the photometric accuracy, we mea-
sure the photo-zs of individual clumps by using their HST
photometry. The code and details of our photo-z method
are described in Guo et al. (2012b). Models used to mea-
sure photo-zs are extracted from the library of PEGASE 2.0
(Fioc & Rocca-Volmerange 1997). For integrated galaxies,
our photo-z code achieves a similar accuracy as those used
in official CANDELS photo-z catalogs (Dahlen et al. 2013).
To test the photo-z accuracy of clumps, we only use clumps
with spectroscopic redshifts and fUV > 8%.
Table 2 shows that when the background subtraction is
too aggressive (e.g., bgsub v6), the scatter (the normalized
median absolute deviation σNMAD) and outlier (defined as
sources with |∆z|/(1 + z) > 0.15) fraction of photo-z mea-
surement are large. In contrast, conservative (or no) subtrac-
tion (bgsub v1 or bgsbu v0) yields much improved photo-z
statistics.
The photo-z result of the fiducial subtraction method is
shown in Figure 3. The σNMAD (normalized median abso-
lute deviation) and outlier fraction of bgsub v4 are 0.074 and
6.66%, both of which are about a factor of 2.5 larger than the
values of CANDELS official photo-z catalogs of Dahlen et al.
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TABLE 2
DIFFUSE BACKGROUND MEASUREMENT
Method Clump Mask Sizea Background Apertureb Median Relative F160W Fluxc Photo-z σNMAD
d,e Photo-z outlierf Comment
(arcsec) (arcsec) (normalized)
bgsub v6 0.18 0.18–0.30 0.67 0.114 6.99% Very aggressive subtraction
bgsub v5 0.18 0.24–0.36 0.86 0.088 6.86%
bgsub v4 0.24 0.24–0.36 1.00 0.074 6.66% Fiducial subtraction
bgsub v3 0.24 0.24–0.42 1.08 0.072 6.59%
bgsub v2 0.24 0.30–0.42 1.14 0.073 6.55%
bgsub v1 0.24 0.36–0.48 1.25 0.063 6.44% Very conservative subtraction
bgsub v0 — – 2.17 0.042 5.76% No background subtraction
aThe radius of clump regions masked out when calculating the diffuse background (see green circles in Figure 2). One pixel is 0.′′06.
bThe inner and outer radii of the aperture used to measure the diffuse background (see the magenta circles in Figure 2).
cMedian of clumps’ F160W fluxes normalized by those of bgsub v4.
dNMAD: normalized median absolute deviation. σNMAD = 1.48× (|∆z −median(∆z)|/(1 + zspec)), where∆z = zphoto − zspec.
eOnly use clumps with spec-z and fLUV ≥ 0.08.
fOutliers are defined as |∆z|/(1 + z) > 0.15.
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FIG. 3.— Comparison between the photometric redshifts (photo-z) of clumps and the redshifts of their host galaxies. The photo-z of clumps are measured
through HST-band PSF-matched photometry (see the text). Our fiducial background subtraction method bgsub v4 (see Table 2) is used. Blue stars, cyan triangles,
and red circles show clumps with UV fractional luminosity fLUV ≡ L
UV
clump
/LUV
galaxy
> 0.08, 0.05 < fLUV < 0.08, and 0.03 < fLUV < 0.05. For
each color, the solid symbols show the clumps whose host galaxies have high-quality spectroscopic redshifts, while open symbols show the clumps whose host
galaxies only have photo-zs from CANDELS. The solid line shows the one-to-one correspondence, while the two dotted lines show |∆z|/(1 + z) = 0.15,
which is used to calculate the outlier fraction. The two dashed lines show |∆z|/(1 + z) = 0.2. Clumps whose photo-zs are worse than this criterion may have
inaccurate multi-band photometry and hence are excluded fr
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(2013). The worse photo-z accuracy of clumps is expected,
because (1) clumps are much fainter than integrated galaxies
(e.g., see Figure 4); (2) clumps only have photometry of a few
HST bands, while integrated galaxies usually have more than
15 bands; (3) clump photometry only samples the relatively
featureless regime of SEDs of star-forming populationmodels
i.e., rest-frame UV–optical without a strong Balmer/D4000
break; and (4) background subtraction itself induces a source
of uncertainty. Considering all these factors, the photo-z ac-
curacy is acceptable. In this paper, clump photo-zs are only
used for the purpose of testing their photometry. They are not
used for deriving clump properties. We use the redshifts of
the host galaxies to derive clump properties.
Some clumps have catastrophic photo-z measurementswith
|∆z|/(1 + z) > 0.20 (dashed lines in Figure 3), which may
indicate problematic photometry. We exclude such clumps in
our later analyses, although still keep them in the published
catalog. We set a flag badczflag = 1 in the catalog to label
these clumps. In total, 720 (out of total 3193) clumps are
thereby excluded. Among the 720 clumps, 264, 187, and 269
clumps have UV fractional luminosity fLUV ≥ 0.08, 0.05 ≤
fLUV < 0.08, and 0.03 ≤ fLUV < 0.05, respectively.
4. MEASURING CLUMP PROPERTIES
4.1. Spectral Energy Distribution Fitting
We derive the physical properties (M∗, SFR, age, and
dust reddening) of clumps by fitting their HST SEDs to stel-
lar population synthesis models retrieved from the library
of Bruzual & Charlot (2003) with a Chabrier IMF (Chabrier
2003). The details of our SED-fitting code are described in
Guo et al. (2012b). Briefly, we use a set of τ -models in which
star formation history declines exponentially with time. The
set of models consists of grid points in a parameter space
spanned by redshift, dust extinction E(B-V), star formation
history (SFH) characterized by τ and age, andmetallicity. The
available values of each parameter are shown in Table 3. We
apply the Calzetti extinction law (Calzetti et al. 1997, 2000)
and the recipe of Madau (1995) to the models to account for
dust extinction and the opacity of the IGM in the universe. We
use the minimal χ2 value to decide the best-fit model. During
the SED-fitting, the redshift of a clump is fixed to that of its
host galaxy (spec-z if available, photo-z otherwise). For each
clump, we Monte Carlo sample its photometry in each band
100 times from a Gaussian distribution whose mean is equal
to the observed flux and whose standard deviation is equal to
the flux uncertainty. We then fit the 100 re-sampled SEDs.
For each stellar population parameter, the average of the 100
best-fit values is used as the best value, and the 16th and 84th
percentiles of the 100 best-fit values are used as the 1σ confi-
dence level.
SED-fitting results significantly rely on the assumed SFHs.
Unfortunately, the SFHs of clumps are little known. Here,
we choose the τ -model and constant SFH model because they
are commonly used in the SED-fitting of distant galaxies. Re-
cently, other models, e.g. inverse τ -model and delayed τ -
model are also frequently used in the literature. An unrealis-
tic SFH model would result in systematic errors of the derived
parameters, especially for age. Lee et al. (2017, in prepara-
tion) test the effects of different models on the derived param-
eters for integrated CANDELS galaxies. They generate mock
SEDs with known intrinsic parameters and fit the SEDs with
different SFH models. They find that (1) M∗ is the most ro-
bust parameter and nearly unaffected by the adapted models;
TABLE 3
PARAMETER SPACE OF SED-FITTING
Parameter Range
Redshift 0.0 to 7.0 with a bin size of 0.01
E(B-V)a 0.0 to 1.0,∆E(B − V ) = 0.05
Metallicity solar
Age (Gyr)b (1, 2, 3, 5, 8) × 10−2, 10−1, 100, 101, up to 13
τ (Gyr) (1, 2, 3, 5, 8) × 10−1, 100, 101, and∞c
aE(B-V) runs up to 0.3 for models with t/τ >= 4.0.
bAge is defined as the period from the onset of star formation (i.e., the be-
ginning of the τ -model or constant constant SFHmodel) to the time the object
is observed.
cτ =∞ means a constant SFH.
(2) constant SFH recovers age (defined as the period from the
onset of star formation to the time the object is observed) with
little systematic offset, while τ -model underestimates age by
∼0.3 dex (for a system of . 1 Gyr old); and (3) for systems
with SFR>0.01M⊙/yr, constant SFH overestimates SFR by
0.25 dex, while τ -model recovers SFR with little systematic
offset. We expect similar systematic errors due to SFH as-
sumptions in our clump SED-fitting. However, since our data
cover a much shorter wavelength range and have larger pho-
tometric uncertainties, the random errors of our clump SED-
fitting are larger than integrated galaxy SED-fitting. We do
not find any systematic trend between clumps age and the
SED-fitting preferred SFHs.
4.2. Tests of Clump Properties: I. Mass-to-light Ratio
We test the accuracy of clump properties in three ways. The
first is the mass-to-light ratio (M/L). Among all HST bands,
F160W is the reddest and therefore serves as the best M∗
indicator in our method. We expect that M/L of clumps is
similar to or slightly smaller than that of integrated galaxies
at a given M∗, because clumps are believed to be younger.
In Figure 4, we plot the relation between M∗ and F160W
magnitude for clumps and integrated CANDELS/GOODS-S
galaxies. In each panel, we plot clumps that are detected from
galaxies within a given M∗ and redshift range (as shown by
the label and dashed vertical lines in each panel), but plot all
CANDELS/GOODS-S galaxies (not just our sample galax-
ies), regardless of theirM∗, within the redshift range.
Clumps follow a similar relation with integrated galaxies.
This result is especially true at 0.5 ≤ z < 1.0, when F160W
is sampling ∼9000A˚, very close to the peak of stellar emis-
sion. In this redshift range, the variation of M/L caused by
different stellar populations is the smallest. At higher red-
shifts, theM/L of clumps is slightly smaller than that of inte-
grated galaxies, demonstrated by the fact that clumps are lying
toward the lower boundary of the galaxyM∗–magnitude rela-
tion. The difference could be caused by a bandpass coverage
effect. At z ≥ 1, HST filters are shifted to cover bluer side of
the SED than at z < 1, probing more the young star compo-
nent and less the old star component. As a consequence, our
clump mass measurement is likely weighting more the UV
luminosity and artificially biasing the M/L to lower values.
The difference, however, is small, because galaxies with M∗
similar to that of clumps at z > 1 are also very actively form-
ing stars. Overall, this test shows that there are no obvious,
significant systematics in the M∗ measurement of clumps.
Also, the large scatter of clumps with bad clump photo-z (i.e.,
those with badczflag = 1, orange circles in the figure) sup-
ports our decision of not including them in later analyses, be-
cause their problematic photometry causes large uncertainties
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FIG. 4.— M∗–magnitude (F160W) diagram of clumps. Each panel shows clumps detected from galaxies within a given M∗ and redshift bin as the labels
indicate. Similar to Figure 3, in each panel, blue, cyan, and red clumps have fLUV ≡ L
UV
clump
/LUV
galaxy
> 0.08, 0.05 < fLUV < 0.08, and 0.03 < fLUV <
0.05, respectively. The orange clumps are those excluded because of their large photo-z errors |∆z|/(1 + z) > 0.2. The gray contours and gray points show
the distribution of all CANDELS/GOODS-S galaxies (not just our sample galaxies) within the same redshift range of each panel but simultaneously for all mass
ranges. In each panel, the two horizontal dotted lines show the M∗ range of the host galaxies. The black dots in each panel show the host galaxies of detected
clumps.
inM∗.
4.3. Tests of Clump Properties: II. Color–mass Diagram
The second test is the color–M∗ diagram. In Figure 5, we
plot both clumps and integrated galaxies in the diagram of
rest-frame U-V vs. M∗. Clumps have similarly blue col-
ors as those galaxies whose M∗ is comparable to the clump
M∗, but clumps are bluer than their host galaxies. This re-
sult is expected since clumps are selected as UV-bright re-
gions from their galaxies. At a given redshift and galaxyM∗,
clump colors show a relation with their M∗: massive clumps
are redder than lower-mass clumps. Also, for a given clump
mass, UV-bright clumps (blue dots) are bluer than UV-faint
clumps (red dots), as expected. We also notice that some
clumps are as red as red-sequence galaxies, i.e., above the
separation line of the blue cloud and the red sequence of inte-
grated galaxies from Borch et al. (2006): (U −V ) = 0.227×
log(M∗/M⊙)−1.16−0.352×z+(0.79−0.02), where the last
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FIG. 5.— Similar to Figure 4, but showing the color–M∗ diagram of clumps (color symbols) and CANDELS/GOODS-S galaxies (gray contours and points).
The solid line in each panel is the separation between red-sequence and blue cloud derived in Borch et al. (2006). In each panel, the two vertical dotted lines
show theM∗ range of the host galaxies where clumps are identified (see also theM∗ label).
term is to convert the Vega magnitude in Borch et al. (2006)
to AB. The very red colors may indicate problematic photom-
etry, because our clump identification is designed to select
star-forming (and implicitly low dust extinction) clumps. We
therefore exclude all clumps above the separation line (solid
black lines in Figure 5) in our later analyses. In the cata-
log, we set a flag veryredflag=1 to label them. The fraction
of the “veryredflag=1” clumps increases with redshifts: ∼1%
at 0.5 ≤ z < 1.0, ∼7% at 1.0 ≤ z < 2.0, and ∼8% at
2.0 ≤ z < 3.0. This result is likely caused by the filter cov-
erage: at higher redshift, HST filters are shifted to cover bluer
wavelengths, resulting in large uncertainties in the measure of
the rest-frame V-band luminosity. In total, 142 clumps are
thereby excluded (after badczflag=1 applied), reducing the
clean sample to 2331 clumps.
4.4. Tests of Clump Properties: III. SFR and E(B-V)
The third test is clump SFR and dust extinction E(B-V). In
addition to the SED-fitting, we also estimate the SFRs and
E(B-V)s of clumps by using the slope and luminosity of their
rest-frame UV continuum. Compared to SED-fitting, this
method is less model-dependent and requires no prior infor-
mation of the SFH of galaxies. We first calculate the UV slope
through a linear fit of log(f) ∝ βλ, where f is flux, λ wave-
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FIG. 6.— Comparisons of SFRs (left) and dust extinction E(B-V)s (right) measured through SED-fitting and rest-frame UV continuum. The blue, cyan, red
data points are clumps with fLUV ≡ L
UV
clump
/LUV
galaxy
> 0.08, 0.05 < fLUV < 0.08, and 0.03 < fLUV < 0.05, respectively. Black circles with errorbars
show the median and 16th and 84th percentiles of the data. Clumps at z . 1.5 do not have enough HST filters to sample their rest-frame UV continuum, and
therefore are not shown in the figure.
length, and β the UV slope. We then use the Calzetti extinc-
tion law (Calzetti et al. 1994, 2000) to convert the rest-frame
UV-slope of a clump into its dust reddening E(B-V), and cal-
culate the unobscured SFR from its dust-corrected rest-frame
UV continuum by using the formula in Kennicutt (1998),
which applies to systems with constant star formation over
timescales of∼100Myrs. The rest-frameUV continuum used
here covers the wavelength range of 1400A˚ to 2800A˚. We re-
quire the clumps to have at least two HST bands to sample
this range. Under this requirement, the bluest HST band in
our dataset (F435W) only enables the measurement of UV
SFR for clumps at z & 1.5. Therefore, although UV SFR is
less model-dependent than SED-fitting-derived SFR, we only
use the former to test the latter. For the whole clump sample,
we still use SED-fitting-derived SFRs as our measurement.
Figure 6 shows very good agreement between SED-
fitting and UV continuum derived SFRs and E(B-V)s.
The average difference between SED SFR and UV SFR
(∆SFR = log(SFRSED)− log(SFRUV)) is about 0.07 dex
and the 1σ scatter of ∆SFR is about 0.4 dex – slightly larger
than the typical SFR uncertainty for integrated galaxies in the
literature. For E(B-V), the average difference is about 0.02
and the 1σ scatter is about 0.1. The agreement in the higher
redshift range 2.0 < z < 3.0 is better than that in the lower
range 1.5 < z < 2.0, because in the former, three or more
HST bands are sampling the rest-frame UV continuum, en-
abling a more accurate measurement, while in the latter, only
two HST bands are available.
Overall, all the above tests find no obvious and significant
systematics in our measurements of clump properties. Some
major stellar population parameters — M∗, SFR, and E(B-
V) — are measured to a reasonable accuracy level. All these
tests also provide criteria to exclude problematic clumps from
the sample. As a summary, we exclude clumps that have (1)
bad photo-z (badczflag=1) or (2) very red U-V color (veryred-
flag=1).
4.5. Tests of Clump Properties: IV. Comparison with
Integrated Values
We also carry out two additional sanity checks to use the
integrated values as constraints on clump properties. For each
galaxy, (1) the totalM∗ in clumps should be lower than the in-
tegratedM∗ of the host galaxy and (2) the total SFR in clumps
should be smaller than the integrated SFR of the host galaxy.
These tests provide additional information on the robustness
of results. We only use the clean sample of 2331 clumps (see
Section 4.3) for this test.
In our fiducial background subtraction method (bgsub v4),
13 galaxies (1% of the total 1270 galaxies) fail the total clump
mass test, while 32 galaxies (3% of the total galaxies) fail the
total SFR test. The reasons of failure, however, are differ-
ent between the mass and SFR tests. Among the 13 galaxies
failed the mass test, only two of them have a single clump
that is more massive than the integrated galaxy (such clumps
12 Guo et al.
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FIG. 7.— Similar to Figure 5, but showing the sSFR–M∗ relation of clumps and integrated CANDELS/GOODS-S galaxies with F160W<26 AB. Color
symbols, gray contours and points, and vertical dotted lines have the same meaning as in Figure 4 and 5. Black circles with errorbars show the median and 16th
and 84th percentiles of clump sSFRs in individual M∗ bins. The solid black curves show the polynomial fit of the star formation sequence of Whitaker et al.
(2014), and the dashed black lines are the solid lines scaled up by a factor of five.
are flagged with badmassflag=1 in the catalog). In the SFR
test, however, 21 of 32 failed galaxies each contains a single
clump with SFR larger than the integrated SFR of the galax-
ies. If we exclude these 21 clumps with over-estimated SFR,
only 11 galaxies (1%) fail the SFR test. The failure fraction
also depends on the background subtraction, with aggressive
subtraction resulting in less failure galaxies or clumps.
5. OBSERVED CLUMP PROPERTIES
In this section, we present some observed clump proper-
ties that may be of interest to readers. We only present these
results and discuss their systematics and uncertainties. The
theoretical interpretations and implications of the observed
clump properties are beyond the scope of this paper and are
thereby left for future work. In most figures in this section,
we divide our sample into different redshift and galaxy M∗
bins (same as in Figures 4 and 5). The symbols and colors in
these figures are also the same as in Figures 4 and 5 unless
otherwise stated. All these properties are measured with our
fiducial diffuse background subtraction bgsub v4 (see Table
2).
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5.1. Specific Star Formation Rate vs. M∗
Figure 7 shows the relation between sSFR and M∗ for
clumps (color symbols) and integrated CANDELS/GOODS-
S galaxies with F160W<26AB (gray contours and points). In
most panels, the sSFR of clumps increases with the decrease
of clump M∗. In contrast, galaxies below 10
10M⊙ have al-
most constant sSFR evident by the almost horizontal gray
contours. On average, when clumps’M∗ is significantly lower
than their host galaxies’ M∗, the sSFR of clumps is about 5
times higher than the typical sSFR in galaxies withM∗ similar
to their host galaxies (i.e., compare massive clumps with con-
tours within the two vertical dotted lines). This result is con-
sistent with other studies (e.g., Guo et al. 2012a; Wuyts et al.
2012). The clear trend is for clump’s sSFR to increase with
the decrease of M∗, with the most massive clumps having
sSFR similar to that of their host galaxies. Very low-mass
clumps’ sSFR is up to 30 times higher than that of the host
galaxies.
5.2. Radial Variation of Clump Color (Color Gradient)
Figure 8 shows the variation of the clump U-V color as a
function of galactocentric distance normalized by the SMA
of their host galaxies (color gradient). The clump age gra-
dient and sSFR gradient are usually used to test theoretical
models of clump formation and evolution. These quantities,
however, can only be derived through colors (SEDs) in our
dataset. Therefore, we first present the color gradient, be-
cause it is directly observed and the most robust result among
all gradients discussed in this paper.
We find a color gradient in almost all panels at z < 2:
clumps at small galactocentric distance (normalized by the
SMA of their galaxies) are redder, while those at large dis-
tance are bluer. This result is similar to many other stud-
ies in the literature: e.g., Fo¨rster Schreiber et al. (2011);
Guo et al. (2012a); Tadaki et al. (2014); Shibuya et al. (2016);
Soto et al. (2017). At z ≥ 2, clumps only show almost no
color gradients.
Our large dataset covering a wide redshift and M∗ ranges
enable us to study the dependence of the color gradient on
redshift and galaxyM∗ for the first time. At the same galaxy
M∗, the color gradient becomes steeper toward lower red-
shifts. Also, at the same redshift, the gradient becomes
slightly steeper toward more massive galaxies.
We also calculate the color gradient of intra-clump regions
(or diffuse background). To this purpose, we measure the
multi-band photometry of the host galaxies in circular an-
nuli after masking the clump regions. We then use the same
method in Section 4 to derive the physical properties of intra-
clump regions. Figure 8 shows that, overall, (1) intra-clump
regions (brown lines in the figure) are redder than clumps and
(2) the color gradient of intra-clump regions is flatter than that
of clumps. In the lowest-M∗ bin (10
9 − 109.8M⊙), the intra-
clump regions’ color gradient is almost flat in all redshift bins.
We also find marginal evidence (through a linear fit) that the
slope of intra-clump regions’ color gradient becomes steeper
with galaxy M∗ at z ≥ 1. This result is consistent with re-
cent studies of the color gradient of integrated light in galax-
ies, e.g., Liu et al. (2016); Wang et al. (2017); Tacchella et al.
(2017).
Figure 8 implies that clumps’ color gradient at z < 2would
be changed, if the colors were measured by using the fluxes
without background subtraction. The color gradients of dif-
fuse background (brown solid lines) are significantly differ-
ent from that of clumps (large black circles): the former is
almost flat, while the latter decreases with the normalized
galactocentric distance. Therefore, if the measurements with-
out background subtraction are used, clumps would be red-
der than with background subtraction, with a big impact espe-
cially on the age–extinction determination. Moreover, with-
out background subtraction, the clump color gradient would
be flatter (see the top left panel of Figure 14 and more discus-
sion in Section 5.7). This result indicates that color gradients
of clumps can only be made shallower – not the opposite – by
the contribution of the diffuse background. It is hard to justify
the observed color gradients in clumps as being introduced
only by background contamination, which in the worst case
would “dilute” those gradients. Therefore, the existence of
a negative color gradient can be considered quite robust with
respect to background contamination (or background subtrac-
tion method).
On the other hand, since the individual clump contributes
only a few percents to the total UV light of their galaxies
and even less to M∗ of the galaxies, the global color gradi-
ent of galaxies is actually dominated by the diffuse compo-
nent, which is supported by the broad consistency between
our measurement of the color gradient of diffuse component
and other measurements of global color gradient in the litera-
ture.
The color gradient in Figure 8 is measured when the (pro-
jected) galactocentric distance is normalized by the semi-
major axis of the galaxies. We also use the physical projected
galactocentric distance (in unit of kpc) to measure the color
gradient. Qualitatively, all the above results are not changed.
The slopes of the clump color gradient using the physical dis-
tance are actually steeper than those using the normalized
distance, except in the lowest-mass bin at the highest red-
shift. We keep using the normalized galactocentric distance
for other gradients below.
Figure 8 also provides tests on the two selection effects dis-
cussed in Section 2.3: redshift dependent and galaxyM∗ de-
pendent biases, both introduced by our relative definition of
clumps with a fixed fLUV (i.e., at higher redshifts or higher
galaxyM∗, only high fLUV clumps are detected). For clumps
in galaxies withM∗<10.8 at z < 2.0 (where we have enough
clumps), we re-calculate the clump U-V color gradient by
dividing clumps into three sub-samples: 0.03≤fLUV<0.05,
0.05≤fLUV<0.08, and fLUV≥0.08. The three sub-samples
in each (z, M∗) bin show almost the same gradient, indicat-
ing that our results have almost no dependence on the adopted
fLUV thresholds. The comparisons between different galaxy
M∗ bins at a given redshift is also robust with respect to the
fLUV threshold. For example, the result of the clump color
gradient slopes increasing with galaxy M∗ is still true even
when we match the intrinsic luminosity of clumps in different
galaxy M∗ bins (e.g., by comparing low fLUV clumps from
galaxies withM∗>9.8 with high fLUV clumps from galaxies
withM∗≤9.8). Overall, we conclude that our results of clump
color gradient are not significantly affected by the selection
effects.
5.3. Age Gradient
An important test of different clump evolution models
is the age gradient. The inward migration scenario (e.g.,
Bournaud et al. 2007; Elmegreen et al. 2008; Ceverino et al.
2010; Mandelker et al. 2014; Bournaud et al. 2014) predicts
a negative age gradient: inner (small galactocentric distance)
clumps are older, while outer (large galactocentric distance)
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FIG. 8.— Variation of the rest-frame U-V color of clumps as a function of clumps’ galactocentric distance normalized by SMA from host galaxy centers. Blue,
cyan, and red points and black circles with errorbars are the same as in Figure 4, 5, and 7. The galactocentric distance of clumps (dclump) is scaled by the
semi-major axis (SMA) of their galaxies. In each panel, the black solid line and dotted curves show the best linear fit ((U − V ) = α+ βlog(dclump/SMA))
and its confidence level to the color points. The intersection (α) and slope (β) of each linear fit are shown in the lower left corner of each panel. The values
within the parentheses are errors. Solid and dashed light brown curves in each panel show the median and deviation of the radial gradient of the U-V color of
intra-clump regions. The α and β of the best linear fit to the diffuse component gradient is shown in the lower right corner.
clumps are younger. In these models, clumps spend a few
hundred Myr migrating from galaxy outskirts to galactic
centers. Therefore, the age difference between inner and
outer clumps should also be on the order of a few hundred
Myr. Such a negative age gradient is found by some obser-
vations (e.g., Fo¨rster Schreiber et al. 2011; Guo et al. 2012a;
Soto et al. 2017), consistent with the inward migration sce-
nario. A few simulations, e.g., FIRE (Oklopcˇic´ et al. 2017)
and NIHAO (Buck et al. 2016), however, argue that the age
gradient may be a result of clumps being contaminated by
old disk stars that happen to be in clump locations. Although
these simulations are able to reproduce the trend of the ob-
served clump age gradient, clump migration is not found in
them. The clump ages in FIRE are significantly shorter – less
than 50 Myr. In this paper, as discussed in Section 3, we
try different diffuse background subtraction configurations to
statistically minimize the contamination of “disk” stars.
Figure 9 shows clump age as a function of clump galac-
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FIG. 9.— Similar to Figure 8, but for the radial gradient of the age of clumps.
tocentric distance scaled by SMA. In our SED-fitting, age is
defined as the period from the onset of star formation (i.e.,
the beginning of the exponentially declining τ -model or con-
stant SFH model) to the time the object is observed. The ex-
istence of a clump age gradient depends on the redshift and
M∗ of their host galaxies. We fit the relation log(age) =
α+β× log(dclump/SMA) to our clump data, and use β and
its uncertainty (values are shown by black text in the figure)
to determine if an age gradient is significant. For galaxies
withM∗< 10
10.6M⊙ and z < 2.0, β is smaller than zero by
more than 3σ. We therefore conclude an existence of clump
age gradients for these galaxies. For galaxies at z ≥ 2.0, β is
consistent with zero within ∼1σ, indicating a flat age distri-
bution with galactocentric distance, namely no gradient. For
very massive (M∗≥ 10
10.6M⊙) galaxies at z < 2.0, β devi-
ates from zero by about 2σ, showing a marginal age gradient.
Given the small number statistics of very massive galaxies,
no firm conclusion can be drawn from our dataset for them.
Future studies of larger samples are needed.
Using the best-fit relation, we can calculate the age
difference between inner and outer clumps. We use
dclump/SMA = 0.5 as the typical location of inner clumps.
At a distance smaller than this, we cannot separate clumps
from galactic bulges due to the resolution of HST images
(see Paper I for related discussions). For outskirts, we use
dclump/SMA = 2.0 as the typical location of the outer
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clumps. This choice is motivated by the fact that, for star-
forming galaxies with Se´rsic index n = 1, the disk size
is about 2×SMA. For galaxies with M∗< 10
10.6M⊙ and
z < 1.0, the age difference between dclump/SMA = 0.5 and
2.0 is about 700Myr, while for galaxies withM∗< 10
10.6M⊙
and 1.0 ≤ z < 2.0, the age difference is about 250–300 Myr.
We also compare clump age gradients with the age gradi-
ents of diffuse background (brown lines and brown values in
the figure). The diffuse background (or “disk”) properties are
measured from the annulus photometry as described in Sec-
tion 5.2. We use the same SED-fitting procedure to derive the
properties, e.g., age, M∗, SFR, E(B-V), etc. Here, we com-
pare the slopes of the best-fit gradients (β for clumps and βd
for diffuse background in the figure). At M∗< 10
10.6M⊙
and z < 2.0, where we find obvious and strong clump age
gradients, the clump age gradient is significantly steeper than
the diffuse background’s age gradient. In fact, the diffuse
background only shows an obvious age gradient for low-mass
galaxies withM∗< 10
9.8M⊙. Moreover, at z < 2.0, the age
of inner clumps (dclump/SMA < 0.5) is older than that of
the inner part of the diffuse background.
In our SED-fitting, the lower limit of the age of stellar popu-
lation models is 10 Myr (see Table 3). Using younger models
in our SED-fitting procedure would result in an unphysically
high SFR for some clumps. As a result of the age limit, a
small fraction of clumps are stalled at log(age/Gyr) ∼ −2
(more obviously seen in the two panels of 0.5 ≤ z < 1.0
and M∗< 10
10.6M⊙). For these clumps, we likely over-
estimate their ages. This caveat, however, does not signifi-
cantly bias our age gradient measurement, because the num-
ber of these possibly very young clumps is small. In obser-
vation, so far only one clump (Zanella et al. 2015) was mea-
sured to be younger than 10 Myr. Although some simula-
tions, e.g., FIRE, predict very short-lived clumps, our lower
age limit is still younger than the mean lifetime of their mas-
sive clumps (∼20 Myr, Oklopcˇic´ et al. (2017)), enabling our
measurements enough diagnostic power to test their models.
5.4. Dust Extinction Gradient
Figure 10 shows the radial variation of clump dust extinc-
tion, E(B-V), as a function of galactocentric distance. Over-
all, clumps show a negative E(B-V) gradient: inner clumps
are more dust-extincted, while outer clumps have little ex-
tinction. The slopes of the clump E(B-V) gradients depend on
galaxyM∗: at a given redshift, the gradient becomes steeper
as galaxyM∗ increases. For a given galaxyM∗, however, the
gradient shows no obvious dependence on redshift.
Because of the age–dust degeneracy, the observed clump
U-V color gradient (Figure 8) can be explained by an age
gradient or an extinction gradient or a combination of both.
Our SED-fitting measures both age and E(B-V) simultane-
ously and attributes the observed U-V gradient to both age
(Figure 9) and E(B-V) (Figure 10). If there was no age gradi-
ent as shown in Figure 9, the E(B-V) gradient would be much
stronger, and vice versa.
One way to test our SED-fitting procedure is to study the
E(B-V) gradient of the diffuse component and compare it with
the literature. Diffuse background and clumps have similar
slopes for the E(B-V) gradients, but clumps are systemati-
cally less dust-extincted. This result is not surprising, because
clumps are selected as UV-bright regions and hence likely to
have less dust extinction.
We compare our measurements (brown lines in Figure 10)
with those of Wang et al. (2017) (green dashed lines) and
Tacchella et al. (2017) (purple dashed line). The methods
used by Wang et al. and Tacchella et al. are different from
ours. Wang et al. calibrated the relation between E(B-V) (and
sSFR) and colors in the rest-frame UVI diagram (a substi-
tute of the UVJ diagram) of integrated galaxies and applied
the calibrations to multi-wavelength multi-aperture photom-
etry. Tacchella et al. used the rest-frame UV continuum to
measure E(B-V) and sSFR for massive galaxies at z ∼ 2.2.
The measurements of the two groups, although derived by
differentmethods, show good agreement with our results. The
difference between their and our E(B-V) profiles is within the
scatter of our measurements, except for the most massive bin
at z < 1.0, where both our and Wang’s samples suffer from
small number statistics. Both Wang et al. and Tacchella et
al. used all pixels to measure the profiles, while we only use
intra-clump pixels (i.e., those not masked as clump locations
– see the white pixels in the bottom right panel of Figure 2).
This difference may change the slopes of the E(B-V) profiles
in our and their studies. In this test, however, we only focus on
the absolute values within the galactocentric ranges covered
by both our and other studies.
Overall, this result demonstrates that our SED-fitting proce-
dure induces no significant systematics compared with other
studies. When breaking the age–dust degeneracy, our method
yields consistent results with similar studies in the literature.
Based on our results, we argue that to explain the observed
clumpU-V gradient requires both an age gradient and an E(B-
V) gradient simultaneously. Liu et al. (2016) also showed that
the observed color gradient of galaxies is composite with both
stellar population and E(B-V) gradients.
An additional method to assess the simultaneous need of
both age and dust extinction gradient is to “marginalize” over
either age or E(B-V). In this method, we assume no radial
gradient for one quantity and using the other one to explain
the observed UV colors gradients of clumps. This condi-
tion requires clumps near galactic centers to be unrealistically
old/dusty.
We use clumps in galaxies with 9.8 ≤ log(M∗/M⊙) <
10.6 at 1.0 ≤ z < 2.0 as an example. The UV colors of these
clumps drop from U-V∼0.8 at near galactic centers to ∼0 at
∼3×SMA. If we fix E(B-V)=0.0 for all radii and assume a
constant SFH, the inner clumps need to be as old as ∼5 Gyr
to reach U-V∼0.8, which is older than the age of the universe
at z ∼ 1.5. If we choose a tau-model with τ=0.5 Gyr for
the SFH, the inner clumps would have an age of 1 Gyr. This
age is younger than the age of the universe, but still two times
older than the characteristic timescale of SF, suggesting the
clump SF is being quenched, which is inconsistent with the
prominent UV luminosity of the clumps.
On the other hand, if we fix clump age as 30 Myrs across
all radii, the inner clumps need to have E(B-V)∼0.5 to reach
U-V∼0.8. According to the Calzetti extinction law adapted
in our paper, ANUV (2800A) of the inner clumps would be 3.6
mag, resulting in the dust-corrected NUV luminosity of in-
ner clumps being ∼30 times brighter than what we observed.
With such high attenuation, even a single clump (considering
each contributing 5% of the “observed” UV luminosity of the
galaxy) would easily have a SFR larger than the global SFR
of the total galaxy. Therefore, we believe that dust extinction
alone cannot fully explain the observed clump U-V gradient.
This test of E(B-V) has little dependence on the choice of
clump age and SFH.
5.5. sSFR Gradient
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FIG. 10.— Similar to Figure 9, but for the radial gradient of dust extinction, E(B-V), of clumps. Green and purple dashed lines show the E(B-V) profiles
measured by Wang et al. (2017) and Tacchella et al. (2017).
Figure 11 shows the sSFR gradient of clumps. At z <
2.0 (except for the most massive galaxies, 1010.6M⊙<M∗<
1011.4M⊙, at 0.5 ≤ z < 1.0 where the sample size is tiny),
clumps exhibit strong radial variation: sSFR of inner clumps
(at dclump/SMA = 0.5) is about one dex lower than that of
outer clumps (at dclump/SMA & 0.5).
Similar to the test of the dust extinction gradient, we also
measure the sSFR gradients of diffuse background (brown
lines in the figure) and compare our results with those of
Wang et al. (2017) (green dashed lines) and Tacchella et al.
(2017) (purple dashed line). Our results show excellent agree-
ment with these studies at z < 1.0 and z ≥ 2.0. At at
1.0 ≤ z < 2.0, however, our measurements are higher, al-
though still within the uncertainties, than those of Wang et
al. A possible reason is the redshift distributions: the sample
of Wang et al. is in fact at z < 1.4, while our sample cov-
ers the whole redshift range of 1.0 ≤ z < 2.0. The lack of
z > 1.4 (and more actively star forming) galaxies in Wang et
al. therefore biases their measurement to lower values com-
pared to our sample. Overall, good agreement between our
and other studies ensures the accuracy of our sSFR gradient
measurement.
Our results, together with those of Wang et al. and Tac-
chella et al., show that the diffuse background (or integrated)
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FIG. 11.— Similar to Figure 10, but for the radial gradient of specific SFR of clumps and diffuse background.
sSFR gradient (or sSFR profile) is almost flat from their galac-
tic centers to 2× SMA. Beyond 2× SMA, our results show
marginal evidence of an increasing sSFR toward large galac-
tocentric distance. At z < 2.0, the clump sSFR gradient is
steeper than that of the diffuse component: inner clumps have
similar or even lower sSFR than the diffuse background,while
outer clumps’ sSFR is about∼ 0.5 dex higher than that of the
background.
5.6. Stellar Mass and Stellar Mass Density Gradients
Figure 12 shows the radial variation of M∗ of clumps. In
all redshift and galaxyM∗ bins where the sample size is large
enough, clumps show a significantM∗ gradient: inner clumps
are on average more massive than outer clumps by a factor of
a few tens to hundred.
Figure 13 shows the radial variation of the stellar mass den-
sity (Σ∗) of clumps. Σ∗ is calculated within a circle with ra-
dius of 0.′′18 (3 pixels), namely the aperture size that is used
to measure the clump photometry. Clumps show a significant
Σ∗ gradient in almost all redshift and galaxyM∗ bins (except
for the two most massive bins with small sample statistics):
inner clumps are on average denser than outer clumps by a
factor of ∼10–30.
In fact, the Σ∗ measured above should be treated as the
lower limit of the true clump Σ∗. In this paper, we assume
clumps are unresolved sources and use 0.′′18 as their radius.
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FIG. 12.— Similar to Figure 9, but for the radial gradient ofM∗ of clumps.
This choice is comparable to the FWHM of HST F160W, be-
low which sources are unresolved. The actual size of clumps
is uncertain, ranging from∼100 pc to∼1 kpc. Our aperture of
0.′′18 is equal to ∼1.5 kpc at z ∼ 1, which is much larger than
most clump size measurements in the literature. Our clump
size is therefore an upper limit of the size of an unresolved
source. Accordingly, the measured Σ∗ is a lower limit. More-
over, the Σ∗ gradient will only be true if clump size has no
dependence on their galactocentric distance.
We also show Σ∗ profiles of diffuse component from our
sample (brown lines in the figure) and those fromNelson et al.
(2016b) (magenta dashed lines) and Mosleh et al. (2017)
(pink dotted lines). Nelson et al. (2016b) converted the ob-
served F140W light profile into a mass surface density pro-
file by applying the integratedM∗–to–F140W ratio as a con-
stant scale factor at all radii. Mosleh et al. (2017) used FAST
(Kriek et al. 2009) to measure M∗ at each radius. Both
Nelson et al. (2016b) and Mosleh et al. (2017) provided Σ∗
profiles in units of kpc. We scaled their galactocentric dis-
tance by the average size of galaxies in their samples in each
redshift andM∗ bin. Overall, the agreement is good: the dif-
ference between our and their studies is within the confidence
level of our measurements. The slopes of the profiles differ
from one study to another. As we discuss in the comparison
of E(B-V) profiles, we only focus on the absolute values rather
than the slopes to test any significant systematics. Given this
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FIG. 13.— Similar to Figure 9, but for the radial gradient of M∗ surface density of clumps. Magenta dashed lines and pink dotted lines show the profiles
measured by Nelson et al. (2016b) and Mosleh et al. (2017), respectively.
purpose, the encouraging comparison results support the ac-
curacy of our measurement.
On average, clump Σ∗ is a few times lower than that of
the diffuse background at the same galactocentric distance.
Wuyts et al. (2012) studied Σ∗ of clump pixels in massive
galaxies at 0.5 ≤ z < 2.5 and found that when clumps
are detected from rest-frame U-band, the Σ∗ of clump pix-
els is about 10 times smaller than Σ∗ of diffuse background
at the half-light radius determined in U-band. Our results are
broadly consistent with those of Wuyts et al. (2012).
The above result is apparently surprising, as one may ex-
pect that clumps are on average denser than the diffuse com-
ponent, because clumps represent star forming regions and,
given their estimated ages (tens to hundreds Myr), are ex-
pected to be dominated by stars. A few factors are con-
tributing to this result. First and most importantly, as dis-
cussed above, the clump Σ∗ measurement should be treated
as a lower limit. Our aperture of 0.′′18 is actually an upper
limit of clump size. This value is corresponding to about 1.5
kpc at z ∼ 1, which is much larger than most clump size
measurements in the literature. Suppose the intrinsic clump
size is 500 pc (some authors even argue for smaller ones), the
clump mass surface density is underestimated by a factor of
nine with our aperture size. Second, our fiducial background
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subtraction reduces the clump mass by a factor of two com-
pared to the case of no subtraction.
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FIG. 14.— Effects of different diffuse background subtractions. As an
example, we show the gradients of of rest-frame U-V color, age, sSFR,
and M∗ surface density of clumps in galaxies with 1.0 < z < 2.0 and
109.8 M⊙<M∗<1010.6 M⊙. Different color lines show the median re-
lations with different diffuse background subtraction methods as indicated
by the labels (see Table 2 for details). Our fiducial subtraction method (bg-
sub v4) is shown by the black lines.
5.7. Effects of Diffuse Background Subtraction
All gradients present in this section are based on our fidu-
cial diffuse background subtraction (bgsub v4 in Table 2 and
Section 3). Different subtractions would result in different
gradients. It is important to test if the gradients observed in
this section are robust to different subtraction methods. Par-
ticularly, it is interesting to test if changing the background
subtraction would make the age gradient flat. As argued by
Buck et al. (2016) and Oklopcˇic´ et al. (2017), the negative
clump age gradient (inner old, outer young) may be a result
of clumps being contaminated by disk stars. To test the ro-
bustness, we repeat all previous measurements with different
background subtraction methods in Table 2. Here, we only
use one redshift and galaxy M∗ bin: 1.0 < z < 2.0 and
109.8M⊙<M∗<10
10.6M⊙ to illustrate the effects. This bin
is representative and may be of interest to many readers.
The test results are shown in Figure 14. For the U-V color,
the overall trend of color gradient is preserved from very ag-
gressive subtraction (bgsub v6, blue in the figure) to no sub-
traction (bgsub v0, red), although the clump colors become
redder gradually from bgsub v6 to bgsub v0. This is expected
because background stars are older than clump stars (Figure
8), and adding diffuse background light to clumps makes the
latter redder. Moreover, the panel shows that outer clumps are
affected by background subtraction more than inner clumps
are.
Age and sSFR gradients are significantly affected by back-
ground subtraction. From very aggressive subtraction (bg-
sub v6, blue) to very conservative subtraction (bgsub v1, pur-
ple), both gradients become flatter. Eventually, when no back-
ground subtraction is applied (bgsub v0, red), both gradients
become flat. This change is again mostly driven by the effects
of outer clumps. From bgsub v6 to bgsub v1, the age (sSFR)
of clumps at 4 × dclump/SMA becomes older (smaller) by
a factor of three (six). Inner clumps, however, are hardly
changed in various subtractions. For example, in most of the
subtraction methods, the sSFR and age of the clumps with
galactocentric distance smaller than SMA are little changed.
M∗ surface density is similar to the U-V color: the overall
trend is preserved, but the amplitude changes. From bgsub v1
(purple) to bgsub v6 (blue),Σ∗ decreases by a factor of three,
because more and more light is subtracted from clumps. No
subtraction (bgsub v0, red) is even denser than the aggressive
subtraction (bgsub v6, blue) by another factor of three, ap-
proaching the Σ∗ profile of diffuse background (light brown,
magenta, and pink lines in the middle panel of Figure 13).
Overall, we conclude that background subtraction methods
(except for the no subtraction one) would not change our con-
clusions of the existence of the U-V, age, sSFR, and Σ∗ gra-
dients of clumps, although they may alter the amplitude and
slope of each gradient. Also, outer clumps are more vulnera-
ble to background subtraction than inner clumps are.
6. CATALOG RELEASE AND USE
We release the clump catalogs with the electronic version of
this paper. The columns of the catalog are described in Table
4. We release the clump parameters measured with all back-
ground subtraction methods in Table 2. In the released cat-
alog, Columns 19-68 are repeated for each background sub-
traction method (the method is given by Column 18).
We also suggest readers to apply the following criteria to
exclude clumps with problematic photometry or derived prop-
erties:
1. badczflag=1: these clumps have catastrophic photo-zs
comparedwith the redshifts of their galaxies, which im-
plies photometric errors (see Section 3.2).
2. veryredflag=1: these clumps have rest-frame U-V col-
ors redder than the separation of blue cloud and red se-
quence of integrated galaxies, which also indicates a
photometry problem (see Section 4.3).
3. badmassflag=1: these clumps’M∗ is larger than that of
their host galaxies, indicating an error in either photom-
etry or SED-fitting (see Section 4.5).
4. extremesfrflg=1: these clumps’ log(SFR/(M⊙/yr)) is
larger than 3 or smaller than -2, indicating that the SED-
fitting chooses an extreme solution, possibly due to an
error in either photometry or SED-fitting.
7. SUMMARY
As a step to establish a benchmark of direct compar-
isons of clumps between observations and theoretical mod-
els, we present a sample of clumps, which, to the best of our
knowledge, represents the commonly observed non-lensed
“clumps” discussed in the literature. This sample contains
3193 clumps detected from 1270 galaxies at 0.5 ≤ z < 3.0.
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TABLE 4
CLUMP CATALOG COLUMNS
Column Name Note Reference
Part I: Galaxy properties
1 Galaxy ID CANDELS ID Guo et al. (2013)
2 RA J2000 —
3 DEC J2000 —
4 Redshift Dahlen et al. (2013)
5 M∗ logM⊙ Mobasher et al. (2015); Santini et al. (2015)
6 M∗ error dex —
7 SFR log(M⊙/yr) —
8 SFR error dex —
9 Rest-frame U magnitude
10 Rest-frame V magnitude
11 Rest-frame J magnitude
12 SMA arcsec van der Wel et al. (2014)
13 SMA error arcsec —
Part II: Observed Clump properties
14 Clump ID Guo et al. (2015)
15 Clump RA J2000 —
16 Clump DEC J2000 —
17 Clump detection band Guo et al. (2015) or Section 2.2
18 Clump fLUV Guo et al. (2015)
19 Background subtraction configuration Section 3.1 & Table 2
20,21 F435W flux and error µJy Section 3
22,23 F606W flux and error µJy —
24,25 F775W flux and error µJy —
26,27 F814W flux and error µJy —
28,29 F850LP flux and error µJy —
30,31 F105W flux and error µJy —
32,33 F125W flux and error µJy —
34,35 F140W flux and error µJy —
36,37 F160W flux and error µJy —
38 Galactocentric distance normalized by galaxy SMA Guo et al. (2015)
Part III: Derived Clump properties
39 Clump photo-z Section 3.2
40 badczflag Section 3.2
41,42,43 M∗ and its lower and upper 1σ logM⊙ Section 4.1
44,45,46 SFR and its lower and upper 1σ log(M⊙/yr) —
47,48,49 E(B-V) and its lower and upper 1σ —
50,51,52 Age and its lower and upper 1σ log(Gyr) —
53,54,55 τ and its lower and upper 1σ log(Gyr) —
56,57 Rest-frame U and error magnitude —
58,59 Rest-frame B and error magnitude —
60,61 Rest-frame V and error magnitude —
62,63 UV SFR and error log(M⊙/yr), dex Section 4.4
64,65 UV E(B-V) and error —
66 veryredflag Section 4.3
67 badmassflag Section 6
68 extremesfrflag —
The clumps are detected from rest-frame UV images as de-
scribed in Paper I. The physical properties of the clumps, e.g.,
rest-frame color,M∗, SFR, age, and dust extinction, are mea-
sured through fitting clump SEDs to synthetic stellar popula-
tion models.
We carefully test the procedures of measuring clump prop-
erties in a few ways: (1) clump mass–to–light ratio, (2) clump
color–M∗ diagram, (3) SFRs and E(B-V)s measured by both
SED-fitting and UV continuum, and (4) as an indirect test,
comparisons between our and others’ measurements of the ra-
dial profiles of physical properties. We also test the effects of
subtracting background fluxes from the diffuse component (or
intra-clump regions) of galaxies on the observed clump gradi-
ents.
We show some examples of the measured physical proper-
ties. We find clumps show radial U-V color variation: clumps
close to galactic centers are redder than those in outskirts.
The slope of the color gradient (clump color as a function
of their galactocentric distance scaled by the semi-major axis
of galaxies) changes with redshift and stellar mass of the host
galaxies: at a fixed stellar mass, it becomes steeper toward
low redshift; and at a fixed redshift, it becomes steeper to-
ward massive galaxies. Based on our SED-fitting, this ob-
served color gradient can be explained by a combination of a
negative age gradient, a negative E(B-V) gradient, and a posi-
tive specific star formation rate gradient of clumps. The color
gradients of clumps are steeper than those of intra-clump re-
gions (“disks”). Correspondingly, The radial gradients of the
derived physical properties of clumps are different from those
of the diffuse component (intra-clump regions or “disks”).
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